Peptide YY ] inhibits feeding in rodents, nonhuman primates and humans, yet the neural circuits underlying this action remain to be determined. Here we assessed whether PYY(3-36) inhibits feeding by activating neurons in forebrain and hindbrain sites containing Y2 receptors and linked to control of food intake, or in hindbrain sites immediately downstream of vagal afferent neurons. Rats received an anorexigenic dose of PYY(3-36), and the number of neurons expressing Fos, an indicator of neural activation, was determined in anterior hypothalamus (AH), arcuate nucleus (ARC), dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), ventromedial hypothalamus (VMH), central nucleus of the amygdala (CeA), area postrema (AP), and caudal medial nucleus tractus solitarius (cmNTS), commissural NTS (cNTS), and gelatinosus NTS (gNTS). Expression of tyrosine hydroxylase (TH), an indicator of catecholamine synthesis, was also measured in the cmNTS. PYY(3-36) increased Fos in ARC, cmNTS, gNTS and AP. Approximately 10% of Fos (+) neurons in the cmNTS were TH (+). These results suggest that PYY(3-36) inhibits feeding through direct activation of ARC neurons, and direct and/or indirect activation via vagal afferent nerves of cmNTS, gNTS and AP, including some catecholaminergic neurons in the cmNTS.
Introduction
Peptide YY (PYY), neuropeptide Y (NPY), and pancreatic polypeptide comprise a family of structurally-related brain-gut peptides with diverse actions mediated by five known receptors [6] . Endocrine cells of the distal gut provide a major source of PYY. Food intake releases at least two major forms of PYY into the circulation, PYY and PYY ; other predicted/ detected isoforms include Ser 13 -phosphorylated PYY and PYY and glycineextended carboxyl termini of both the phosphorylated and non-phosphorylated forms [12, 15, 18] . PYY ) is a high affinity ligand for Y2 receptors, whereas PYY(1-36) has affinity for Y1, Y2, Y4 and Y5 receptors [6] . Systemic administration of PYY potently inhibits food intake in rodents, monkeys, and humans [5, 11, 14, [22] [23] [24] 35] , while PYY(1-36) is less effective in rats [11] and humans [34] . Obese humans appear to have a blunted plasma PYY response to food intake [4, 23] , yet PYY(3-36) appears to decrease food intake similarly in lean and obese humans [4] . These results suggest that PYY may act physiologically to reduce food intake and body adiposity, and that insufficient production of PYY may promote obesity. However, the central and peripheral targets that mediate the anorexic effects of PYY remain to be determined.
Several lines of evidence suggest that circulating PYY may inhibit food intake through a direct action at Y2 receptors in specific brain sites linked to control of food intake. First, PYY has been shown to cross the blood-brain barrier in mice [25] . Second, high levels of Y2 receptor mRNA expression, moderate to high densities of PYY binding, and activation of Y2 receptors by agonist-stimulated binding of [35S]GTPγ have been detected in the hypothalamus, amygdala, hippocampus, thalamus, and hindbrain in rats [16, 28, 33] . Third, many forebrain and hindbrain sites containing Y2 receptors are linked to the control of food intake, including anterior hypothalamus (AH), arcuate nucleus (ARC), dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), paraventricular nucleus (PVN), ventromedial hypothalamus (VMH), central nucleus of the amygdala (CeA), ventral tegmental area, area postrema (AP), and nucleus tractus solitarius (NTS) [16, 28, 33] . Lastly, direct injections of PYY(3-36) into the ARC have been shown to inhibit food intake at a dose as low as 100 fmol [5] .
Other evidence suggests that circulating PYY(3-36) may also inhibit food intake through a direct action at Y2 receptors on abdominal vagal sensory nerves. Vagal neurons have Y2 receptors [21] , peripheral administration of PYY stimulates vagal afferent nerve activity [21] , and vagal denervation has been reported to block the anorexic response to peripheral administration of PYY in rats [1, 21] but not mice [19] . Rinaman and colleagues [30, 31] have provided evidence that the prototypical intestinal satiety peptide cholecystokinin inhibits food intake by a mechanism involving downstream catecholaminergic neurons in the caudal NTS, an area that receives and integrates incoming meal-related satiety signals transmitted by vagal sensory neurons from the gut [17, 26, 32, 38] . It remains to be determined whether PYY(3-36) acts in part through a similar mechanism.
Here we assessed whether PYY(3-36) inhibits feeding by activating neurons in forebrain and hindbrain sites containing Y2 receptors and linked to control of food intake, or catecholaminergic neurons immediately downstream of vagal afferent neurons in the hindbrain. We examined the effects of intravenous (IV) infusion of an anorexigenic dose of PYY(3-36) (30 pmol/kg/min) on induction of Fos, an indicator of neural activation, in (i) AH, ARC, DMH, LH, PVN, VMH, CeA, AP, caudal medial NTS (cmNTS), commissural NTS (cNTS), and gelatinosus NTS (gNTS), and in (ii) cmNTS neurons either containing or not containing tyrosine hydroxylase (TH), a marker of catecholamine synthesis
Materials and Methods

Synthesis and purification of PYY(3-36)
Rat PYY(3-36) was synthesized manually by utilizing Fmoc batch-wise solid-phase methodology [3] . Purification was accomplished by reverse phase high performance liquid chromatography. Proof of structure was provided by coelution with a known sample and by electro-spray mass spectrometry. PYY stock was prepared by dissolving the purified peptide in 0.15 M NaCl, 0.1% BSA to a concentration of 100 nmol/ml. Single-use aliquots were stored at −70°C.
Experimental Animals
Male Sprague-Dawley rats (Sasco, Charles River, Portage, MI; initially weighing 310-550 g) were housed in plastic shoe-box cages in a room with controlled temperature (19-21° C) under a 12/12 h light-dark cycle (lights off at 1800 h). Rats were provided pelleted rat chow (Labdiet®, 5001 Rodent diet, PMI® Nutrition International, MO) and water ad libitum for about a week before being subjected to experimental procedures. The Animal Studies Subcommittee of the Omaha Veterans Affairs Medical Center approved the experimental protocol.
Surgical procedures
The procedure for implantation of a jugular vein catheter for peptide infusion has been described previously [37] . Briefly, rats were anesthetized with sodium pentobarbital (50 mg/ kg), a catheter composed of tygon and silastic segments was inserted into the right jugular vein, and the catheter was exteriorized in the dorsal neck region. Catheters were plugged with stainless steel wire and kept patent by flushing with 0.2 ml of 50% dextrose on alternate days. The animals were allowed at least 1 week to recover from surgery before being subjected to experimental procedures.
PYY(3-36) administration and tissue collection for immunostaining
Animals were adapted to experimental conditions for at least 1 week before the start of experiments. During the adaptation period, the animals were fasted overnight (~ 16 h) and subjected to mild restraint in Bollman cages for ~ 3 h (0900-1200 h). We previously showed that IV infusion of PYY(3-36) inhibits real and sham feeding under these conditions [11] . At the end of the adaptation period, the patency of the jugular vein catheters was determined by IV infusion of 0.2 ml of the short-acting anesthetic propofol (Abbott Laboratories). Catheters were considered patent if rats lost consciousness immediately on injection of the anesthetic; only such propofol-positive rats were included in subsequent experiments. Rats were divided into two treatment groups (n=9 each) to receive a 3-h IV infusion (0900-1200h) of vehicle (0.15 M NaCl, 0.1% BSA, 3 ml/h) or 30 pmol/kg/min of PYY . Previously, we showed that 3-h IV infusion of PYY(3-36) (5 to 50 pmol/kg/min) from the same stock used in this study dose-dependently decreased food intake in rats of the same size and strain from the same vendor [10, 11] . Immediately following infusion of vehicle or PYY , rats were anesthetized with isoflurane and transcardially exsanguinated with saline followed by perfusion with 4% paraformaldehyde in 10 mM phosphate buffer (PBS), pH 7.2. Brains were removed and stored for 3-4 h in fresh fixative at 4°C and then transferred to 10 mM phosphate buffer containing 25% sucrose for 48 h. Brains were frozen by submerging for 10-15 seconds in isopentane and placed under crushed dry ice. Coronal cryostat sections (14 μm) through the AH, AP, ARC, CeA, DMH, LH, NTS, PVN and VMH from the same animals were mounted on slides and stored at −80° C.
Immunocytochemical staining for Fos in all brain sites
Slides were washed with 10 mM PBS at room temperature followed by blocking buffer (5% normal goat serum in 10 mM PBS) for 90 min and additional buffer washes. The primary antibody used in all brain sites was rabbit polyclonal anti-Fos, 1:5000 dilution (Ab-5, Oncogene, San Diego, CA ) [7] . Ab-5 was diluted in 10 mM PBS. Following an overnight incubation of Ab-5 at 4° C, slides were washed in 10 mM PBS followed by 1 h in a fluorescent second antibody (goat anti-rabbit IgG-Alexa 488) (Molecular Probes, Eugene, OR) diluted at 1:200 in 10 mM PBS to detect Fos antibodies. Slides were washed in 10mM PBS and coverslipped using an anti-fading glycerol-based mounting media. Immunostaining specificity controls included replacement of the primary antibody with normal rabbit serum at the same dilution as the primary antibody.
Immunocytochemical staining for Fos and TH in cmNTS
cmNTS was chosen for analysis because this region exhibited the largest increase in Fos in response to PYY . Immunostaining for Fos and TH was accomplished by applying Ab-5 in combination with a mouse monoclonal anti-tyrosine hydroxylase, 1:1000 dilution (CHEMICON International, Inc, Temecula, CA) using the same protocol as described in 2.5. In addition to using the goat anti-rabbit IgG-Alexa 488 to detect Fos antibodies, a goat antimouse IgG-Cy3 (Jackson ImmunResearch, West Grove, PA) was used to detect TH antibodies. Under conditions used in the immunocytochemical staining protocol, immunoreactive Fos protein was concentrated in the nuclei of labeled cells, whereas immunoreactive TH was concentrated in the cytoplasm.
Immunocytochemical data analysis
Slides were analyzed with a Zeiss Axioplan fluorescence microscope and all measurements were made with a 20X objective lens. Identification of anatomic landmarks was assisted by staining cell nuclei with Hoechst 33258 (Sigma, St. Louis, MO), which was added to the mounting medium and observed with a conventional DAPI filter set. Digital RGB images of the fluorescent preparations were acquired with either a Hamamatsu (C4880; Tokyo, Japan) fast-cooled charge-coupled device camera and the MCID imaging system (Imaging Research, Observation of Fos induction in neurons expressing TH in the cmNTS was across sections separated by 280 μm using identical hindbrain sections as described above. In each section analyzed, the cumulative number of neurons that had Fos immunofluorescence in the nucleus [Fos (+)] or TH immunofluorescence in the cytoplasm [TH (+)] was recorded bilaterally from anatomically matched sections and analyzed across the two treatment groups. A neuron was considered to be double labeled if the Fos (+) nucleus was located within the boundary of the TH (+) cytoplasm, as determined by focusing the microscope.
Statistics
All results are expressed as means ± SE. Comparisons were made using a one-tailed Student's t-test to determine whether PYY(3-36) infusion increased the number of neurons in a brain site expressing Fos and/or TH.
Results
Effects of PYY(3-36) on number of Fos containing neurons in forebrain and hindbrain sites
PYY(3-36) at 30 pmol/kg/min significantly increased the number of Fos (+) neurons in the ARC by 46% [t(14)=1.72, P=0.053] (Figures 1 & 2) , the AP by 220% [t(16)=2.52, P<0.05] (Figures 2 & 3) , the cmNTS by 550% [t(16)=6.81, P<0.001] (Figures 2 & 3) , and the gNTS by 545% [t(16)=5.19, P<0.001] (Figure 2) , when compared to vehicle-induced Fos responses in these sites. PYY(3-36) did not increase the number of neurons expressing Fos in AH, DMH, LH, PVN, VMH, or CeA (all P > 0.05) (Figure 2 ).
Effects of PYY(3-36) on expression of Fos in TH containing neurons in cmNTS
PYY(3-36) at 30 pmol/kg/min had no effect on the number of TH (+) neurons in the cmNTS (P > 0.05, data not shown), yet PYY(3-36) did increase the number of cmNTS TH (+) neurons that were Fos (+) (Figure 4) , with the effect being most notable between 4.52 and 5.08 mm posterior to the interaural line, an area that encompasses the middle to caudal portion of the cmNTS ( Figure 5 ). However, nearly 90% of the PYY(3-36) activated Fos (+) neurons were not TH (+) ( Figure 5 ).
Discussion
Several lines of evidence suggest that PYY(3-36) inhibits food intake through direct action at Y2 receptors [1, 21] , yet the brain circuits underlying the anorexigenic response to systemic administration of PYY(3-36) remain to be determined. Our aim here was to detect neurons which express Fos, a marker of neural activation, in order to identify brain sites activated by an anorexigenic dose of PYY . Since PYY(3-36) has been reported both to penetrate the blood-brain barrier [25] and to activate vagal sensory nerves [21] , we examined Fos-expressing neurons in forebrain and hindbrain sites containing Y2 receptors and linked to control of food intake (AH, ARC, DMH, LH, PVN, VMH, CeA, AP, NTS), and in hindbrain sites directly innervated by vagal sensory neurons (AP, NTS). Our results show that in adult, male rats, a 3-hour IV infusion of an anorexigenic 30 pmol/kg/min dose of PYY increased the number of Fos (+) neurons in the forebrain ARC nucleus, and in several distinct areas in the hindbrain NTS and AP, especially within the cmNTS. No increase in Fos (+) neurons was observed in the AH, DMH, LH, PVN, VMH, or CeA. To determine the extent to which PYY activates catecholaminergic neurons in the cmNTS, we double immunostained for both Fos and tyrosine hydroxylase (TH; a marker of catecholamine synthesis). PYY increased the number of TH (+) cells containing Fos (+) nuclei in the cmNTS, yet nearly 90% of the neurons containing Fos did not contain TH. These results suggest that PYY(3-36) inhibits feeding through direct activation of forebrain ARC neurons, and direct and/or indirect activation of AP, cmNTS and gNTS neurons, including a relatively small number of catecholaminergic neurons in the cmNTS.
Our findings are consistent with those of other studies suggesting that PYY(3-36) inhibits food intake through direct activation of Y2 receptors in the ARC. In rodents, IP injection of PYY (3-36) decreases NPY mRNA expression in the ARC [9] , either has no effect [5] or increases POMC mRNA expression in the ARC [9] , causes a nearly 2-fold increase in number of Fos (+) cells in the ARC [5] , and produces a 13% [20] to 260% increase in Fos (+) POMC neurons in the ARC [5] . Furthermore, direct administration of Y2 agonists PYY and Ac-[Leu28,Leu31] NPY (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) into the ARC dose-dependently inhibits food intake in rats [5] , while PYY(3-36) administration into cerebral ventricles either has no effect or potently increases food intake [36] . Thus, Batterham et al. [5] initially postulated that the anorexigenic response to circulating PYY(3-36) is mediated by a Y2 receptor-mediated mechanism in the ARC. Our results provide further support for a central role for the ARC in mediating PYY (3-36)-induced suppression of food intake by showing that other forebrain sites containing Y2 receptors and linked to control of food intake, including the AH, DMH, LH, PVN, VMH, and CeA, are not activated by an anorexigenic dose of PYY(3-36) that activates ARC neurons.
Our findings are consistent with those of other studies suggesting that PYY(3-36) may also inhibit food intake through a Y2-receptor-mediated activation of abdominal vagal sensory nerves. In rodents, vagal neurons contain Y2 receptors [21] , peripheral administration of PYY (3-36) stimulates vagal afferent nerve activity [21] , and vagal denervation blocks the anorexic response to peripheral administration of PYY in rats [1, 21] , but not mice [19] . Our findings extend these results by showing that systemic administration of an anorexigenic dose of PYY(3-36) activated neurons in hindbrain areas (cmNTS, gNTS, and AP) that receive and integrate incoming meal-related satiety signals transmitted by vagal sensory neurons from the gut [17, 26, 32, 38] . These sites are similar to those activated by peripheral administration of the prototypic satiety peptide CCK-8, which is also postulated to inhibit food intake by activating vagal sensory nerves [7, 31] . Results of the present study extend those of Tache et al., which showed that IP injection of porcine PYY increases Fos in the mNTS, cNTS and AP [8] . The absence of PYY(3-36)-induced Fos in the cNTS in our study may be attributed to differences in host PYY administered (porcine vs rat), form of PYY administered [PYY vs. PYY(1-36)], or mode and dose of peptide administration (3-h IV infusion vs. IP injection). More recently, PYY(3-36) was reported to increase Fos in the AP and the intermediate NTS (iNTS) of mice [19] . Our analysis did not differentiate between the cmNTS and iNTS due to the ambiguous boundaries separating these adjacent regions. Taken together, these results suggest that PYY activates neurons in the NTS and AP by increasing the activity of vagal sensory neurons. However, because Y2 receptors are found in both the NTS and the AP, PYY (3-36) may directly activate neurons in these regions [28] . It remains to be determined whether blockade of vagal sensory neurons attenuates PYY(3-36)-induced activation of NTS and AP neurons.
Our finding that PYY activates TH (+) neurons in the cmNTS are consistent with the hypothesis that PYY(3-36) inhibits food intake in part through direct activation of vagal afferent neurons and downstream catecholaminergic neurons in brain sites similar to those activated by CCK-8 and gastric distention. In the present study, the anatomical distribution of PYY(3-36)-induced activation of TH (+) cells in the cmNTS between levels 4.52 and 5.08 mm posterior to the interaural line is similar to the distribution pattern for CCK-8-induced activation of TH (+) cells in the cmNTS reported by Rinaman et al. [31] . Willing and Berthoud [38] also demonstrated that gastric distension increases Fos in TH (+) cells in the cmNTS. Thus, PYY (3-36), CCK-8, and gastric distension may inhibit food intake in part through activation of similar noradrenergic circuits in the hindbrain. However, 95% of the cmNTS neurons activated by gastric distention [38] , 50% of the cmNTS neurons activated by CCK-8 [31] , and 90% of the cmNTS neurons activated by PYY(3-36) (present study), are not catecholaminergic.
It is not clear from our findings whether PYY(3-36)-induced activation of the ARC precedes or follows activation of the NTS, or whether activation of the ARC causes activation of the NTS or vice versa. Descending pathways link the ARC to the NTS [2, 27, 39] and an ascending noradrenergic pathway links the NTS to the ARC [13] . The relative contribution of AP/NTS and ARC sites in mediating PYY(3-36)-induced suppression of food intake remains to be determined. Data represent means ± SE. Data were grouped at each of the anatomically matched levels (n = 9/dose and level). Fos (+) and TH (+) neurons were analyzed at 280 μm intervals. PYY increased the number of neurons in the cmNTS expressing both TH and Fos, with the effect being most notable between 4.52 and 5.08 mm posterior to the interaural line, along the middle to caudal portion of the cmNTS. † P<0.01
